ABSTRACT -Some species in the family Ascidiidae accumulate vanadium at concentrations in excess of 350 mM, which corresponds to about 10 7 times that found in seawater. 
INTRODUCTION
Ascidians, also known as tunicates or sea squirts (Chordata, Urochordata, Ascidiacea), accumulate extremely high concentrations of vanadium (Henze, 1911) . In particular, species belonging to the family Ascidiidae are known to accumulate vanadium in excess of 350 mM, which corresponds to about 10 7 times the concentration of vanadium ion found in seawater . Vanadium is accumulated in vacuoles within vanadocytes, which are a type of blood (coelomic) cell (Michibata et al ., 1987) . The vanadium is reduced to the +3 oxidation state via the +4 oxidation state for storage in the vacuoles (Kanamori and Michibata, 1994) , which also contain high concentrations of protons and sulfate ions (Frank et al ., 1986; Hirata and Michibata, 1991) . To investigate this unusual phenomenon of vanadium accumulation, we isolated several proteins and genes that are expressed in vanadocytes.
To date, three types of vanadium-associated protein have been isolated, with molecular masses of 12.5, 15, and 16 kDa (Kanda et al ., 1997) , along with the cDNAs encoding these proteins (unpublished data). In addition, four types of enzyme related to the pentose phosphate pathway that produces NADPH are located in vanadocytes (Uyama et al ., 1998a, b, c; Ueki et al ., 2000) . The pentose phosphate pathway participates in the reduction of vanadium(V) to vanadium(IV) (Kanamori et al ., 1999) . Furthermore, the cDNA for each of the vacuolar-type H + -ATPase (V-ATPase) A, B, and C subunits, which are located on the vacuolar membranes of vanadocytes, has been isolated and analyzed (Uyama et al ., 1994; Ueki et al ., 1998 Ueki et al ., , 2001 ). V-ATPase generates a proton-motive force, and is thought to provide the energy for vanadium accumulation (Forgac, 1989; Nelson, 1992) Our ultimate goal is to clarify the entire mechanism involved in the accumulation and reduction of vanadium in ascidian vanadocytes. To attain this goal, many more genes and proteins expressed in the blood cells needed to be systematically identified. Therefore, in this study, we first performed an expressed sequence tag (EST) analysis of blood cells from a vanadium-accumulating ascidian species, A. sydneiensis samea , although genes expression profile of fertilized eggs, embryos and neural complex based on EST analysis have been reported in some ascidian species (Makabe et al ., 2001; Nishikata et al ., 2001; Satou et al ., 2001; Takamura et al ., 2001) . Three hundred cDNA clones from a blood cell library were analyzed to determine their 5'-terminal partial nucleotide sequences. The amino acid sequences were then compared with protein sequences registered in the SwissProt database. Twenty-nine of the sequences were found to be similar to gene products that are related to the transport or redox of metals, such as Fe, Ca, Zn, Mg, Co, Cu, and Na. In addition, two sequences were obtained for V-ATPase subunits previously identified in our laboratory (Ueki et al ., 1998) . These two subunits may participate in maintaining the high acidity within the vanadocyte vacuoles.
MATERIALS AND METHODS

Separation of Blood Cells and RNA extraction to construct the cDNA library
Specimens of the vanadium-rich ascidian, A. sydneiensis samea , were collected near the Otsuchi Marine Research Center, which is a branch of the Ocean Research Institute of the University of Tokyo in Otsuchi, Iwate Prefecture, Japan. Blood was drawn from each specimen by making an incision through the lower part of the tunic. To separate blood cells from the serum, the blood was suspended in Ca 2+ -and Mg 2+ -free artificial seawater (CMFASW) containing 460 mM NaCl, 9mM KCl, 32mM Na 2 SO 4 , 6mM NaHCO 3 , 5mM HEPES and 5mM EDTA at pH 7.0 and centrifuged at 300 × g for 10 min at 4 ° C. The blood cells were resuspended in CMFASW containing 20% sucrose, and were then centrifuged again at 1,500 × g for 10 min at 4 ° C to remove giant cells that have very acidic contents but no vanadium (Michibata et al ., 1990) . The remaining blood cells were suspended in a solution containing 4M guanidine thiocyanate (GTC), 0.1% sodium N-lauryl sarcosinate, 5mM EDTA, and 40mM Tris-HCl at pH 7, and the mixture was homogenized by ultrasonication. The homogenate was then added to a solution of 50% cesium trifluoroacetate and 100mM EDTA, and centrifuged at 100,000 × g for 16 hr at 15 ° C using an ultracentrifuge (Model 70P72, Hitachi). The RNA that precipitated was recovered and dissolved in sterilized water. A cDNA library was constructed from the total RNA using Uni-Zap XR vector (Stratagene, La Jolla, CA).
Analysis for determination of the DNA sequences
The recombinant λ -ZAPII vector was inserted into pBluescript SK (-) plasmids by in vivo excision, according to the manufacturer's instructions (Stratagene). We performed cDNA fragment insertion checks by direct PCR to select clones longer than 500bp. The PCR mixture was denatured at 95 ° C for 2 min, and this was followed by 30 cycles at 95 ° C for 30 sec, 50 ° C for 30 sec, and 72 ° C for 60 sec, with a final 10 min at 72 ° C using primers MJ Research) . The recombinant plasmid DNA isolated by the alkaline lysis method was used as a template for DNA sequencing. The cDNA clones were sequenced using ThermoSequenase Fig. 1 . A summary of the 300 EST clones obtained from the cDNA library of Ascidia sydneiensis samea blood cells. The clones obtained were classified into nine categories. One hundred and fifty eight clones showed similarity to the proteins registered in the SwissProt database, and the other 142 clones showed no similarities. In the identified ESTs, 29 clones had similarities with metal-related protein genes. the DNA, as already described, using M13 universal and reverse primers.
RESULTS AND DISCUSSION
There are at least 2,300 ascidians in class Ascidiacea of subphylum Urochordata. Recent molecular biological data suggest that ascidians are more closely related to vertebrates than to other invertebrates (Wada and Satoh, 1994; Kusakabe et al ., 1997) . Therefore, as primitive chordates, ascidians are thought to hold the key to understanding the evolutionary traits and physiological functions of higher chordates. Ascidians and higher chordates have some properties in common, including the mechanism for fertilization and the self-and non-self recognition mechanisms. However, ascidians also have some properties that higher chordates do not have, e . g ., vanadium accumulation and asexual reproduction (cf. Sawada et al ., 2001) .
Of the ascidian-specific properties, the unusual ability to accumulate high levels of vanadium in blood cells has attracted the attention of chemists, physiologists, and biochemists (Michibata, 1996; Michibata et al ., 2001 ). Blood cells, including the vanadocytes, play a leading role in this phenomenon. This study carried out an EST analysis using whole blood cells, but giant cells were not used because the highly acidic content of the vacuoles of these cells interferes with RNA extraction.
The 5'-terminal partial nucleotide sequences of 300 cDNA clones (270 distinct genes) from the A. sydneiensis samea blood cell cDNA library were analyzed. Using the program BLASTX, the amino acid sequences were then compared with known protein sequences registered in the SwissProt database. When a sequence probability was higher than 1e-05, it was classified as "no sequence similarity", while sequences that probability less than 1e-05 were categorized as "sequence similarity". As shown in Fig. 1 , cDNAs with sequence similarity were placed into one of eight categories, according to the function of the gene. The categories were genes related to: metal-related proteins (29 clones), signal transduction (22 clones), protein synthesis (17 clones), nuclear proteins (17 clones), cytoskeleton and motility (14 clones), energy conversion (3 clones), hypothetical proteins (11 clones), and others (45 clones). These clones were registered into GenBank database without hypothetical proteins. There were 142 clones that showed no similarity with known proteins, although some of these clones might represent novel genes related to metal accumulation processes. Twenty-nine metal-related clones were further subdivided into seven categories, as shown in Fig. 2 . Gene names and similarity scores are described in Table 1 . Among them, the 12 clones have been identified as homologues of iron-related genes, such as the ferritin H-subunit, transferrin and Nramp.
The six cDNA clones of the 12 clones were those encoding the ferritin subunit. Ferritin consists of 24 subunits of two types, H-and L-subunits, which form a shell-like structure with a hollow interior (Aisen et al ., 1999) . Based on the results of matching DNA sequences with the coded the ferritin genes, the various ferritin sequences appear to be encoded by the same gene. The similarity search using the program BLASTX showed that the ascidian ferritin subunit is similar to some mammal ferritin H-subunits (Fig. 3 ). In the human ferritin H-subunit, eight residues, , are considered to be iron-binding sites (Harrison and Arosio, 1996) . These residues were conserved in the ascidian ferritin subunit, with the exceptions of Gln-58, Glu-64, and His-65. His-118, a vanadium-binding site in mammalian ferritin H-subunits, was also conserved in the ascidian ferritin subunit (Grady et al ., 2000) . Site-directed mutagenesis and EPR spectroscopy revealed that mammalian recombinant apoferritins bind to vanadium in the +4 oxidation state (VO 2+ ). These authors also showed that His-118, which is important for capturing Fe
2+
, also works as a ligand for VO 2+ . As shown in Fig. 3 , the ascidian ferritin subunit has a high degree of similarity with ferritin H-subunit of mammals, and the iron-binding sites, including His-118, are also well conserved. These results suggest that ferritin is involved in the accumulation of vanadium in ascidian blood cells.
This study showed that ascidian transferrin is similar to mammalian transferrin, an iron-transport protein that has also been reported to bind the vanadium ion (Sabbioni et al ., 1980) . Further evidence is required to determine whether the genes are found exclusively in vanadocytes, and whether the ferritin and transferrin in ascidian blood cells actually bind with vanadium. Nramp, natural resistanceassociated macrophage protein, is a chemiosmotic ion/proton exchanger that has an usually broad substrate range, (Blackwell et al ., 2000) . Therefore, it is also worth examining whether the vanadium ion is a substrate of Nramp in ascidian blood cells.
Genes encoding several metal transporters and metalloproteins, such as Na + /K + -ATPase and ceruloplasmin, were also identified in this study. Furthermore, we found cDNAs encoding subunits A and B of V -ATPase, both of which have been previously identified in our laboratory (Ueki et al ., 1998b) . These subunits are involved in maintaining the highly acidic conditions within the vanadocyte vacuoles.
The remaining ESTs, accounting for approximately 47% of all the clones obtained, showed no similarity with any genes in the database. This might reflect the unusual physiological phenomenon of vanadium accumulation in vanadium-rich ascidians.
